This item was submitted to Loughborough's Institutional Repository by the author and is made available under the following Creative Commons Licence conditions.
For the full text of this licence, please go to: http://creativecommons.org/licenses/by-nc-nd/2.5/
INTRODUCTION


Aerospace and Defence Systems are becoming increasingly complex with higher component counts and ever more complicated components and subassemblies. Faults and failures are becoming harder to detect and isolate. The time that operators and maintenance technicians need to spend on faults is rising in direct relation to the complexity of the systems.
With these increasing demands on reliability, maintainability and safety of systems, a wide range of fault detection and diagnostic methodologies have been proposed, and there has been considerable interest in the practical application of these fault diagnostic techniques. Reliable diagnostic techniques can contribute to reduced maintenance costs and, perhaps more importantly, to increased system availability. The selection and integration of an appropriate diagnostic tool has the potential to produce a reduction in life cycle costs for both the customer and the manufacturer. For autonomous systems on board fault diagnosis is vital as the human interface is no longer available to perform the function that needs to be performed in order to ensure the safe operation of the system. An important issue for Aerospace and Defence Systems providers is how to reduce the risks associated with installing a new Fault Detection Tool (FDT) on a system. Several tools might be offered for consideration, some bespoke or internally developed, others being provided by third parties. It is highly desirable that some degree of assessment, selection and validation is carried out before the FDT is integrated with the system. This paper describes the initial phases of a project to investigate the assessment and validation of fault diagnostic tools and techniques. It describes the development of an Advanced Diagnostic Test-bed (ADT) and a Prognostic Health Management (PHM) laboratory at the Systems Engineering Innovation Centre (SEIC) which are being used for the validation and assessment of different diagnostic and fault isolation techniques and tools.
The ADT is a representation of a fuel system of a modern aircraft and its associated electrical power supply. The test-bed consists of a number of tanks, pumps, flow meters, pressure sensors, level sensors, three-phase motors, inverters, voltage sensors, current sensors and other instrumentation. This allows for the implementation and investigation of a wide range of fault diagnostic tools and techniques. A comprehensive collection of different types of faults can be injected into the testbed, which also has the capability for reconfiguring its fluid and electrical systems in the event of such faults being detected and isolated. This paper also presents results from preliminary verification and validation work that has been used on a mathematical model of the ADT, and also results from some initial diagnostic technique assessment that has been performed using real experimental data from the ADT and simulated data from the mathematical models. 
ADT Structure
The ADT consists of four tanks: a Wing Tank and a Main Tank, each of which is connected to the Collector Tank by two pumps (two Wing Tank pumps and two Main Tank pumps). The Collector Tank supplies the engine (represented by the fourth tank) via two collector pumps. Fig 2 shows a schematic of the ADT. Only the four tanks, six pumps and three flow-meters are shown for clarity.
Each tank is equipped with a temperature sensor, a level sensor as well as discrete level limit switches. Each pump is fitted with a pressure sensor, a discrete pressure switch and a speed sensor, and each pair of pumps is connected to a flow meter.
The piping arrangement between tanks and pumps is complex as there are a number of dual port and triple port electrically actuated valves which provide the ADT with the capability to reconfigure the flow paths in the event of a fault, for example a blockage or a failure in one of the pumps. There are also a number of temperature probes, microphones and accelerometers mounted on or in close proximity to the pumps. Clearly this extra instrumentation, along with the reconfiguration valves, would not normally be found on a conventional aircraft fuel system, but have been included to provide the ADT with capabilities that enable a wide range of fault diagnostic tools and techniques to be implemented and investigated.
Fig 2. ADT Schematic
The electrical system for the ADT has also been designed to be a representation of an aircrafts electrical system. As such there is a primary and a secondary busbar. The pumps and the sensor power supplies can be switched between either busbar using electronically controlled relays providing a degree of reconfiguration and fault injection capability in the electrical system.
ADT Control and Logging System
The ADT is linked to a PC that performs three primary tasks ( fig. 3) . The first task is to log all the measurement data from the ADT sensors and control signals to the ADT. These are stored in a database that forms part of the overall Prognostic Health Management (PHM) facility. The second task is to run a fuel control algorithm; this is a relatively simple algorithm and is not described in detail in this paper. The final task relates to the implementation of the diagnostic functions. 
ADT Fault Injection
A range of faults can be injected into the ADT, these include faults in the fluid sub-system, faults in the power supply sub-system and faults in the sensing sub-system. Table 1 is not an exhaustive list of possible faults, but does indicate some of the typical faults that can be injected into the ADT. These faults can be injected using the software running on the ADT PC, or they can be injected physically on the patch-board located on the end of the ADT. This patch-board enables all sensor signals to be manipulated in the following ways: i) physical disconnection, ii) set to full scale or 0v, and iii) summation with a secondary signal, such as additional noise, a bias, or another function. .
The pumps used on the ADT are peristaltic pumps, and these provide a flow which is directly proportional to the pump motor speed.
The peristaltic pump used can provide a maximum of 6.3 l/m at full motor speed (191 rpm). The defining equation for the peristaltic pump model is given below. results for one such validation test, the results confirmed the mathematical model. The fault diagnostic process can typically be divided into three key sub-processes: i) fault detection indicates the occurrence of a fault in the system, ii) fault isolation determines the type and/or location of the fault, and iii) fault reconfiguration corrects for the presence of the fault.
Model based approaches to fault diagnostics are well published in the literature, some key publications include Isermann [1984] , Patton [2000] , Gertler [1998] and Frank [1987] .
These techniques generally compare the systems actual measurements with an estimate of the measurements generated by a mathematical model of the system. The resulting difference is called the residual signal, these are normally zero and become non-zero as a result of faults, disturbances, noise and modelling errors. The residuals are analysed to formulate a diagnostic decision (fault detection and isolation).
Fig 5. Fault Diagnostic Scheme
Fig 5 shows the arrangement of the diagnostic algorithm, with two main blocks described previously (residual generation and decision scheme). A majority of the published literature focuses on the residual generation process, however the design of the decision scheme is equally as important but often overlooked. One approach to the decision making scheme is to use thresholds, the selection of these thresholds is critical to the performance of the fault diagnostic scheme. In essence to be sensitive to faults while being insensitive to noise and modelling errors [Frank 1997 ].
Kalman Filter Fault Detection Scheme
This section describes the use of a Kalman filter for detecting a leak fault on the ADT. This is a simple preliminary implementation of the Kalman Filtering technique that has been used to prove the concept of fault diagnostics on the ADT. The technique will be enhanced in future stages of the project. The main problem with this technique is that the Kalman Filter residuals are not only sensitive to faults, but also to errors in the model used.
The approach adopted is to model the system, in this case the Fuel Rig, by a set of linear first order differential equations. These are then arranged into the well know state space model form shown below:
A Kalman estimator for this system would be expressed in discrete time as ) ( 
The calculation of the Kalman gain matrix G, is well known and involves the covariance matrix Q, of the system uncertainty w and the covariance matrix R of the measurement noise . and the estimation state error co-variance matrix, P. (The specific details will be omitted for brevity, see Gelb, 1989) . The error, e, is the residual signal (or the filter innovation) and has nominal dynamics governed by the choice of G, ie. the bandwidth of the filter, and is driven by system uncertainty, measurement noise, and faults that may appear.
The Kalman Filter was used to detect a leak introduced in the main tank (fault f f5 ). Fig 6. shows the measured and estimated Main Tank flow rate and the corresponding residual. Fig 7. shows the measured and estimated Main Tank height and the corresponding residual . Fig 8. shows the leak This paper has described an Advanced Diagnostic Test-bed which has been designed to be used as part of a larger project for the assessment of various fault diagnostic tools and techniques. The project is in its early phases but the ADT has been successfully commissioned and some initial work has been started on the implementation of fault diagnostic schemes. The first scheme to be investigated uses a Kalman Filter to generate residuals and to estimate error states, the next stages of the research project will investigate the use of Neural Networks and other techniques ] for fault diagnostics.
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